Abstract -Raman spectra, far-infrared spectra, and mid-infrared combination band data can be used to determine one-, two-, or three-dimensional potential energy functions which govern conformational changes in small ring molecules.
INTRODUCTION
Conformational changes in molecules often occur via a vibrational pathway which can be investigated spectroscopically. For example, the inversion of ammonia or the internal rotation of ethane represent cases where the molecules must encounter energy barriers before converting to different (but energetically equivalent) structures. Similarly, small ring molecules such as cyclopentene, shown in Fig. 1 , undergo ring-puckering vibrations which convert the molecule from one minimum energy conformation to another.
For cyclopentene, and many other ring molecules, a puckered conformation lies lower in energy than one with a planar ring configuration. Hence, a barrier to planarity exists, and a double-minimum potential energy function results when the conformational changes are described in terms of a ring-puckering coordinate (defined for a four-membered ring in Fig.   2 ).
As an example, Fig. 3 shows the one-dimensional potential energy function for silacyclobutane (ref. 1) , which was one of the first molecules for which an accurate ring-puckering potential was determined from far-infrared data. This potential function was confirmed by the observation of the Raman spectrum (ref. 2) , which is shown in Fig. 4 . It should be noted that, in general, the infrared transitions correspond to single quantum jumps (the transitions shown on the left hand side of Fig. 3 ) whereas the Raman transition are double quantum jumps (right hand side of the figure). The combination of infrared and Raman spectra, when analyzed by quantum mechanical methods, thus serves as a powerful method for elucidating the energy changes associated with conformational processes. represented the first investigations of ring puckering by Raman spectroscopy. These studies were especially significant in that the ring-puckering vibration of this molecule is infrared inactive. Figure 5 shows the Raman spectrum and Fig. 6 the corresponding ring-puckering potential function for this molecule. 
1,3-DISILACYCLOBUTANE (DSCB): A REPRESENTATIVE STUDY
In 1977 we published our preparation and spectroscopic study of 1,3-disilacyclobutane (ref.
8), H2SiH2CH2SiH2. Our efforts in synthesizing this molecule proved to be most worthwhile in that both the infrared and Raman spectra of the molecule are extremely rich with information. The analyses of the spectra of DSCB will be examined in some detail as a representative study. 
where x is the ring-puckering coordinate as defined in Fig. 3 , coordinates using the expressions
is transformed to reduced
A = (2p/112)2'3a1"3E (4) and A = Ch2/2p)2"3a'3.
Then the reduced potential, which facilitates computation, has the form
where Z is the dimensionless coordinate related to x by Eq. (2). The eigenvalues A for the potential in Eq. (6) have been tabulated (ref. 9 ) and their variation with B is presented in Fig. 9 . For B0 the levels are those of a pure quartic oscillator, whereas for very large B values harmonic oscillator levels are approached. When B is negative, a double minimum potential function with a barrier of B2/4 results. The barrier is also shown in Fig. 9 . The complexity of the spectra for such systems can be appreciated from H=--g44(x)--+V (8) in order to properly calculate the energy levels. When this is done for DSCB, the potential function is determined to be
This is shown in Fig. 12 . The barrier to planarity is 87 cm-1, and the potential energy minimum corresponds to a dihedral angle of puckering of 24°.
The ring-puckering energy levels can also be determined from combination band spectra in the mid-infrared and Raman. For DSCB numerous series were observed (ref. 12); three overlapping series in the infrared SiH2 stretching region are shown in Fig. 13 , and one in the same region of the Raman spectrum is presented in Fig. 14.
When isotopic species of the same molecule are studied, it is expected that the potential functions for all such species should be the same. However, when the most simple "bisector model" of puckering was used to calculate the reduced masses for DSCB and its 1,1,3,3-d4 derivative, different dimensioned potential functions were calculated for the two molecular species. This indicated that the vibrational model representing pure puckering is overly simple. In fact, when SiH2 rocking (defined as in Fig. 2 ) was allowed to mix in with the puckering motion to a modest degree, a single potential function was found which satisfactorily calculated the puckering levels for both molecules. This was presented as Eq. (9).
Further evidence that the puckering vibration is coupled to other motions came from the combination and hot band spectra involving the ring deformation and SiH2 rocking modes. Figures 15 and 16 show the infrared and Raman spectra in the frequency region of these two vibrations. The data here, along with the observation of puckering spectra originating from the excited state of the SiH2 rocking, made it possible to determine the puckering levels in the excited states of the Sill2 rocking and ring deformation modes. These are shown in Fig. 17 . From these levels a three-dimensional potential energy surface for the puckering (x1), deformation (x2), and rocking (x3) modes of DSCB was calculated. The form of the function is 22 22
The calculation of the energy levels for this potential energy function required symmetry factoring of the llamiltonian matrix into eight blocks and the formation of the basis set from the product of one-dimensional solutions (ref.
3). The coefficients determined for the potential energy parameters are listed in Table II . Figures 18 and 19 show the twodimensional slices of the three-dimensional surface when one of the vibrational coordinates is set equal to zero. The calculated surface very reliably reproduces all of the observed data, including that for the excited states. It also demonstrates that the puckering and ring-deformation are cooperative vibrations and the puckering and in-phase SiH2 rocking are anti-cooperative. The barrier to planarity calculated three-dimensionally is 87 cm-1, the same as for the one-dimensional calculation. While the study described above represents the only three-dimensional analysis for a ring molecule, one-dimensional potential energy functions have been determined for several other four-membered rings. The barriers to inversion for these are shown in Table III . The barriers, if any, in general arise from torsional forces between methylene (or similar) groups since these tend to favor non-planar conformations for which the CR2 groups are not eclipsed. Angle strain forces tend to favor planar structures for which the ring angles are at maximum values. The molecular mechanics (MM2) methods of Allinger (ref. 14) , which utilize these forces to predict the minimum energy structures, were used to estimate the barriers to inversion for a few of those molecules (ref. 15) . These are also shown in Table IV . While the MN2 values are far from perfect, it can be seen that they are the right order of magnitude. Figure 21 shows the energy levels for the d1 and d4 isotopic species of cyclopentene; these were used to help determine the potential energy surface shown in Fig. 22 . The barrier to planarity is 232 cm-1. Figure   23 shows the surface for the planar silacyclopent-3-ene.
A particularly interesting two-dimensional study was completed recently on the ringpuckering and P-H inversion motions of 3-phospholene (ref. 24) . Figure 24 shows how each of these motions can convert from one-puckered conformation to the other. for the d1 species (shown in Fig. 30 ) and have found that the simple two-dimensional harmonic oscillator basis set used for the calculations was not adequate for correctly calculating the energy levels. In fact, the data, when analyzed with improved basis sets, predict a barrier approximately twice as high. Molecular mechanics calculations estimate a barrier (ref. 52) of 2062 cm-1 and this value should be in the correct range. What is evident here is that there is some difficulty in correctly extrapolating to a high barrier height when the experimental data do not go to high enough energies. This type of problem will be examined in more detail under the discussion of cyclohexene-like molecules. The cyclopentanone molecule, which might be expected to be a pseudorotator, has been studied by Ikeda and Lord (ref. 46) and been shown to have a stable twisted (C2) conformation. However, it interconverts, as shown in Fig. 31 , from one twist form to the other via the planar structure. The two-dimensional surface was determined from the far-infrared spectra of four different isotopic species.
Bicyclic molecules with five-membered rings
The far-infrared and Raman spectra of several bicyclohexane and bicycloheptene type Figure 34 shows the infrared ring-twisting spectrum and Fig. 35 shows the energy map for the molecule based on both infrared and Raman data for the four low-frequency modes.
SIX-MEMBERED RINGS
Cyclohexadienes and analogs Figure 36 shows the far-infrared data near 190 cm-1 from the ring bending region and the difference bands near 100 cm-1 for 1,4-dioxene.
The Raman spectrum of the ring-twisting is shown in Fig. 37 , and Fig. 38 presents the pattern of observed transitions. A two dimensional surface with a barrier to planarity of over 7000 cm-1 and a barrier to interconversion (from the more stable twisted form to the bent form) of about 3200 cm-1 were calculated. The energy difference between the twisted and bent forms was estimated to be about 1600 cm-1. It was noted (ref. 59) , however, that since the experimental data only extend up to about 1500 cm-1, extrapolations beyond that point are rather speculative. Figure 39 shows cross sections of the published potential surface. That on the left is along the twisting axis, and the estimate for the barrier to planarity can be seen to require substantial extrapolation. The curve on the right represents the interconversion path between twist and bent forms. Here again the data is less than desired for establishing the nature of the surface. The dotted portion of the curve indicates that the presence of a minimum for the bent form is not clear cut (ref. In our laboratory we have been studying the infrared and Raman spectra of cyclohexene and have worked to obtain a consistent potential surface model to explain the data for this molecule along with that for the two oxygen analogs. To aid our interpretation we have used molecular mechanics methods to estimate the energy differences between the various conformers. Our MM2 calculations on four-and five-membered ring molecules have convinced us that values calculated for barrier heights will generally not be more than several hundred cm-1 in disagreement with experimental results. Energy difference between bent and twisted forms. The conformations of cyclohexane, with its more stable chair form, have been extensively studied by nmr and other methods, and its interconversion processes are reasonably well understood. Nonetheless, an accurate vibrational potential energy surface has not been determined. Because the energy barriers between the chair, boat, and planar conformations are substantial, extrapolation of data at lower energies to determine the barriers presents difficulties similar to those discussed for cyclohexene (see Fig. 39 ).
Iloreover, spectroscopic data for the three low-frequency ring modes effecting conformational changes have been sparse. Figure 41 presents the low-frequency Raman spectrum of the ring-bending motion (which would take the chair form through the planar structure to the flipped chair conformer) of cyclohexane, which we have recorded in our laboratory (ref. 62) . Additional data on the other ring motions is required to reliably determine the three-dimensional surface appropriate for characterizing the conformational changes for the molecule. With the limited data avilable, it is possible only to estimate a one-dimensional ring-bending potential function. Use of the reduced potential in Eq. 6 produces the parameters A = 22.3
cm-1 and B = -37.5, and this function fits the data very well. The barrier to inversion calculated from this function is about 7800 cm-1, and this is about twice the known value.
The problem clearly lies in the overly simple form of the potential function used, and in the lack of data at higher energies. The conclusion to be drawn is that considerable care must be used in assessing calculations which determine a barrier substantially higher than the available data.
CONCLUSION
Several earlier reviews (ref. 59, [64] [65] [66] [67] [68] [69] on vibrational potential energy functions have been published. The present paper has not tried to be comprehensive, but rather attempted to highlight the current emphasis on the use of two-or three-dimensional potential energy surfaces and the improved methods of calculation. The analysis of potential functions for internal rotations, a major research area (see, for example, refs. 70-73), has not been considered here.
Current studies tend to focus on larger ring systems (such as the cyclohexene analysis) which often have complicated potential surfaces and sizable barriers. For such molecules it is often necessary to record spectra for several isotopic species and to use complementary information (such as results of molecular mechanics calculations) to determine meaningful potential functions.
An exciting prospect for the future is the determination of vibrational potential energy surfaces in electronic excited states. We are currently initiating fluorescence, electronic absorption, and resonance Raman investigations in order to achieve this. 
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